An environmental control system utilizing solar energy would generally be more costeective if it were used to provide both heating and cooling requirements in the building it serves. Various solar powered heating systems have been tested extensively, but solar powered air-conditioners have received little more than short-term demonstration attention. This paper reviews past eorts in the ®eld of solar powered air-conditioning systems with the absorption pair of lithium bromide and water. A number of attempts have been made by researchers to improve the performance of the solar applied air-conditioning (chiller) subsystems. It is seen that the generator inlet temperature of the chiller is the most important parameter in the design and fabrication of a solar powered air-conditioning system. While collector choice, system design and arrangement are other impacting factors for the system operation. 7
Introduction
As a result of the projected world energy shortage, the use of solar energy for environmental control is receiving much attention in the engineering sciences literature. Air-conditioning is a particularly attractive application for solar energy 1364-0321/00/$ -see front matter 7 2000 Elsevier Science Ltd. All rights reserved. PII: S 1 3 6 4 -0 3 2 1 ( 9 9 ) 0 0 0 1 6 -7 Renewable and Sustainable Energy Reviews 4 (2000) 267±293 www.elsevier.com/locate/rser because of the near coincidence of peak cooling loads with the available solar power. Of the air-conditioning alternatives, the absorption system appears to be one of the most promising methods [1] . Many arrangements or cycles are possible: solar collectors can be used to provide energy for absorption cooling, desiccant cooling, and Rankine-vapour compression cycles. Solar hybrid cooling systems are also possible. Although a large potential market exists for this technology, existing solar cooling systems are not competitive with electricity-driven or gas-®red airconditioning systems because of their high ®rst costs. Lowering the cost of components and improving their performance could reduce the cost of solar cooling systems. Improvements such as reduced collector area, because of improved system performance, and reduced collector cost will lower the cost of solar components. Several solar driven refrigeration systems have been proposed and are under development such as sorption systems including liquid/vapor, solid/ vapor absorption, adsorption, vapor compression and photovoltaic±vapor compression systems. Most of the above mentioned systems have not been economically justi®ed.
The main technical problem of solar refrigeration is that the system is highly dependent upon environmental factors such as cooling water temperature, air temperature, solar radiation, wind speed and others. On the other hand, its energetic conversion eciency is low, and from an economical point of view, solar cooling and refrigeration are not competitive with the conventional systems.
In order to evaluate the potential of the dierent solar cooling systems, a classi®cation has been made by Best and Ortega [2] . It is based on two main concepts: solar thermal technologies and technologies for cold production. The solar technologies relevant are:
.¯at-plate collectors; . evacuated tube collectors;
. stationary non-imaging concentrating collectors; . dish type concentrating collectors; . linear focusing concentrators; . solar pond; . photovoltaic; and . thermoelectric systems.
The cooling technologies are:
. continuous absorption; . intermittent absorption; . solid/gas absorption; . diusion; . adsorption; and . desiccant systems.
The photovoltaic/thermoelectric have predominated in the application of small refrigerators for medical use in isolated areas like vaccine conservation where high system cost is justi®ed. Solar thermal systems, such as¯at plate collectors with lithium bromide/water absorption cooling systems, are in the stage of preproduction and commercial introduction for small capacities.
Earlier researchers often used the intermittent absorption cycle to produce cooling eect owing to the fact that solar energy is an intermittent heat source [3± 5] . With the development of technologies in continuous absorption cooling systems, especially their higher system performance above intermittent alternatives and their coincidence with the requirement of the air-conditioning (especially for space cooling) demand, continuous solar absorption air-conditioning systems are widely reported and improvements made world-wide.
The performance coecient of an absorption air-conditioner, de®ned as the ratio of the heat transfer rate into the evaporator to the heat transfer rate into the generator, can be calculated as a function of the temperatures identi®ed previously. Wilbur and Mitchell [6] compared the coecient of performance (COP) of absorption systems with dierent working¯uids. Of the various continuous solar air-conditioning systems, LiBr±H 2 O and H 2 O±NH 3 are the major working pairs employed in these systems. It is reported that LiBr±H 2 O has a higher COP than for the other working¯uids. Though it has a limited range of operation, due to the onset of crystallization occurring at the point of the recouperator discharge into the absorber and stopping solution¯ows through the device, the low cost and excellent performance of this working¯uid combination make it the favorable candidate for use in solar cooling cycles.
Also by comparison [6±8], the ammonia±water system has the following additional disadvantages.
. . A more complex system requiring a recti®er to separate ammonia and water vapor at the generator outlet is required. . There are restrictions on in-building applications of ammonia±water cooling units because of the hazards associated with the use of ammonia.
For these reasons the lithium bromide±water system is considered to be better suited for most solar absorption air-conditioning applications. Hence, it is the purpose of this study to review the operation of various solar powered absorption air-conditioning systems with lithium bromide and water as the working¯uids. As mentioned earlier, the two main concepts to utilize the LiBr±H 2 O solar-airconditioning system are: cooling technologies and thermal technologies. The major components in the LiBr±H 2 O solar air-conditioning systems are chillers and solar collectors. Single-eect, double convertible cycle, two-stage, Dual-cycle and other chillers are employed as the cooling devices, while¯at-plate collectors and evacuated tubular collectors are often used as the thermal power in these kinds of cooling unit. This article details various solar powered absorption air-conditioning systems based on cooling technologies and thermal technologies.
Cooling technologies
2.1. Single-eect absorption air-conditioning system Fig. 1 shows the schematic diagram of a single-eect solar absorption system; this system has been the basis of most of the experience to date with solar airconditioning. To begin with, the solar energy is gained through the collector and is accumulated in the storage tank. Then, the hot water in the storage tank is supplied to the generator to boil o water vapor from a solution of lithium bromide+water. The water vapor is cooled down in the condenser and then passed to the evaporator where it again is evaporated at low pressure, thereby providing cooling to the required space. Meanwhile, the strong solution leaving the generator to the absorber passes through a heat exchanger in order to preheat the weak solution entering the generator. In the absorber, the strong solution absorbs the water vapor leaving the evaporator. Cooling water from the cooling tower removes the heat by mixing and condensation. Since the temperature of the absorber has a higher in¯uence on the eciency of the system than the condensing temperature, the heat-rejection (cooling water)¯uid, is allowed to¯ow through the absorber ®rst and then to the condenser [9] . An auxiliary energy source is provided, so that the hot water is supplied to the generator when solar energy is not sucient to heat the water to the required temperature level needed by the generator.
The main processes taking place in the chiller are as follows (as shown in Fig. 2 ).
. Line 1±7: The weak solution from the absorber at point 1 is pumped through the heat exchanger to the generator; point 7 indicates the properties of the solution at the outlet of the heat exchanger. During the process 1±7, the concentration of the weak solution is held constant. . Line 7±2±3: Process 7±2 shows the sensible heating of the weak solution in the generator, and 2±3 indicates the boiling of water vapor from the solution at the constant condensing pressure P C (although the boiling pressure is little higher than the condensing pressure, the dierence is negligible). During this process, the weak solution becomes strong solution. . Line 3±8: Symbolizes the strong solution passing to the absorber through the heat exchanger, in which it preheats the weak solution¯owing from the absorber to the generator. During this process, the concentration of the strong solution is constant. . Line 8±4±1: Indicates the idealized process of absorption of water vapor from the evaporator by the strong solution in the absorber. . Line 2±5: Denotes the condensation of water vapor in the condenser by the cooling water from the cooling tower, at constant condensing pressure P C . . Line 5±6: Shows the¯ow of condensed water from the condenser to the evaporator. . Line 6±1: Indicates the evaporation of the water in the evaporator due to the prevailing low pressure P E . Also the water absorbs the heat from the space to be cooled. The water vapor from the evaporator is in turn absorbed by the strong solution in the absorber, thus completing the cycle of refrigeration.
In the solar powered absorption air-conditioning system, it is very much essential to have a hot water storage [6, 10] . It serves as a buer reservoir to have nearly constant heat input. Lof and Tybout [11] have reported that the optimum storage volume is about 50 kg/m 2 of collector area. Also, It has been suggested [9] that the nominal storage amounts for cooling purposes range from 80 kg/m 2 of collector area to 200 kg/m 2 . A critical problem with the hot water storage tank is its heat loss to the surrounding area. Jacobsen [12] had observed an actual heat loss coecient of 1.65 W/m 2 8C, which was approximately 50% greater than the predicted value of about 1.19 W/m 2 8C. Sometimes, the heat loss from the hot water storage tank could be equivalent to 2 h of operation per day of the solar air-conditioning system [13] .
Similar to the hot water storage tank, a chilled water storage tank is often used in the solar powered air-conditioning system [14] . While the hot water storage tank experiences considerable heat loss, the chilled water storage tank has a lower rate of heat gain because of the small temperature dierence between the chilled water tank and its surroundings ( v DT v chilled water tank < v DT v hot water tank ). Furthermore, if the chilled water storage tank is installed near the air-conditioned area, its heat gain could assist in cooling.
Generally, a parallel auxiliary-heater arrangement is preferred to the series one [14] . Since the chiller has the best performance at high temperatures (about 888C), it is better to use the auxiliary heater directly to drive the chiller when the temperature in the hot water storage tank is lower than the required level. If the auxiliary heater is connected in series between the hot water storage tank and the chiller, water is often returned to storage hotter than it is taken out, which raises the storage temperature and decreases the collector eciency. However, if the storage temperature is below the needed energizing temperature but above the return temperature from the generator, then, a series connection can be considered, since only a portion of energy need be supplied by the auxiliary heater to reach the energizing temperature. This method may be suitable in installations needing auxiliary energy only during short periods.
In the heating season, the hot water is directly provided from the hot water storage to the fan-coil of the air-conditioned space, or/and to places where the heat is used for bathing or other domestic applications.
The main parameter that governs the performance of the chiller, is the chilled water temperature. This is because, as the chilled water temperature decreases, the evaporator temperature decreases, thereby decreasing the pressure in the evaporator, all of which ®nally results in an increased concentration of the solution. This results in the possibility of crystallization of the solution. Also, with the decrease in evaporating temperature, the coecient of performance (COP) of the chiller would decrease. Therefore, it is suggested that the chilled water temperature should be maintained above 5±78C.
For water-cooled air-conditioning systems, the climatic conditions and the availability of the cooling water determine the cooling-water temperature. From the point of view of improving the COP, it is better to use cooling water of low temperature. The normal cooling water temperature is about 25±328C. It should also be mentioned that, if the cooling-water temperature is well below the abovementioned temperature range, there is a possibility for crystallization of the solution. Wilbur and Mancini [15] have reported that the wet cooling tower presently used for heat rejection from solar powered absorption coolers is undesirable because it requires maintenance that the average homeowner may be unable to provide and is generally considered unattractive. It is possible to replace it with a lower-performance air-heated exchanger (dry cooling tower). However, the use of a dry cooling tower in place of a wet cooling tower results in a 10±20% reduction in solar fraction. Therefore, it is suggested that the use of the lower maintenance, aesthetically more acceptable, dry cooling towers should be accompanied by the elimination of hot storage if pressurized storage is to be avoided.
Charters and Chen [16] had made a comparison study on air-cooled and watercooled systems. In the case of a water-cooled system, with a cooling tower, the temperature of heat rejection from the system is directly related to the wet bulb temperature. Whereas, in an air-cooled unit, the heat rejections from the condenser and the absorber are directly related to the out-door dry bulb temperature. For design point, the generally accepted standard is 358C dry-bulb and 258C wet-bulb (established by ASHRAE). Therefore, the cooling temperature needed is higher in the air-cooled system than the water-cooled. Hence, the pressure in the air-cooled system is higher, which decreases the system COP. For example, if the evaporator temperature is 58C, and the generator inlet temperature is 788C for a water-cooled system, then, for an air-cooled system under the same conditions, the generator temperature should be raised to above 1008C. This temperature is above the eective operating temperature range of the present daȳ at-plate solar collectors. In addition, Charters and Chen have conducted experiments with a high concentration of LiBr, very close to the crystallization limit of the solution. It was seen that a sudden drop in temperature in the generator would cause the formation of crystals and``shut-down'' of the system. To overcome this problem, it was suggested that the addition of some salts (such as LiSCN) to the LiBr±H 2 O solution is necessary in order to lower the solution vapor pressure and thereby improve the solution characteristics for use in an aircooled system. The addition of LiSCN is claimed to lower the vapor pressure and hence prevent crystallization of the solution at the temperature prevalent in an aircooled system. Even if it is possible to use this new working¯uid with an aircooled absorption refrigeration system, the generator temperature required will still be above 1008C.
Butz et al. [17] had presented a detailed thermal and economical analysis of a solar heated air-conditioning system. The solar collector was modeled in the manner proposed by Hottel and Whillier [18] , Bliss [19] , and Klein et al. [20] in which the thermal capacitance of the collector is neglected. The analysis of the thermal performance indicated the dependence of output on collector area (considered as the primary design variable) and showed, for example, the manner in which annual system eciency decreases as collector area increases.
The above analysis was modi®ed by Hu [21] . In his work, he simulated the system performance by considering unsteady heating in the collector; thereby, including the thermal capacitance of the collector components in obtaining the useful energy.
Blinn et al. [22] have developed a transient model of a LiBr±H 2 O airconditioner and applied it to a simulation of residential solar air-conditioning systems in the southern United States. In a system controlled by an on±o room thermostat, chiller transients were found to degrade system performance signi®cantly. Increasing the room thermostat dead-band would decrease the frequency of cycling, improve system performance and decrease auxiliary energy consumption. For the¯at-plate collectors used, the highest solar fraction was obtained at the lowest source temperature. A comparison of three auxiliary strategies indicated that parallel heat auxiliary led to a higher fraction by solar than did series heat auxiliary. Vapor compression led to a slightly higher fraction by solar than either of the heat auxiliary modes and required less auxiliary energy.
The capacity and the COP of the chiller are generally taken as a function of entering hot water and cooling-water temperatures, and are formulated with the performance curves provided by the manufacturer or by experiments. A detailed numerical simulation model was developed by Muneer and Uppal [23] , for a commercially available solar absorption chiller. They have shown that the coolingwater temperature is a function of water inlet temperature, to the tower and ambient wet-bulb temperature. The model incorporates the performance data of a Yazaki-manufactured water-cooled system. Using a summer season's meteorological data for an arid location in the Sahara desert, the system performance has been computed for dierent collector types, areas and storage volumes. The results show that an optimum storage volume/collector area ratio exists. The interesting feature was that the system operated at design load conditions with generator temperatures as low as 808C owing to the fact that very low cooling-water temperatures are available in the dry conditions of the Sahara.
Numerical models to assist in design of solar assisted air-conditioning systems are available in several forms. TRNSYS [24] provides digital simulation of solar cooling systems, and models for each component by a subroutine, so that input references can link each output to the corresponding input of another component. The Commission of the European Communities by University College Dublin has also provided a detailed description of the simulation of the solar thermal systems [25] .
Through the application of the ®rst and second laws of thermodynamics, Mansoori and Patel [26] have derived upper and lower limits for the coecient of performance (COP) of absorption cooling cycles. It is shown that these upper and lower limits, besides being dependent on the environmental temperatures of components of the cycle, are also dependent on the thermodynamic properties of refrigerants, absorbents, and their mixtures. With the use of these upper and lower limits of COP, it is possible to make a quantitative comparative study of dierent refrigerant-absorbent combinations. The technique developed is applied for the comparative evaluation of H 2 O±NH 3 , NH 3 +NaSCN and LiBr±H 2 O combinations which are the favorable candidates used in solar absorption cooling cycles.
Single-eect system with refrigerant storage
One of the improvements that would make the absorption machine more suitable for solar operation is refrigerant storage. Basically, the idea is to provide, in association with the condenser, a storage volume where the refrigerant can be accumulated during the hours of high solar insolation. Then, this stored liquid refrigerant can be expanded at other times to meet the required loads. Storage is also needed in the absorber to accommodate not only the refrigerant but also sucient absorbent to keep the concentration within allowable limits.
The advantages of refrigerant storage over other methods include:
. the energy storage per unit volume is high as the latent heat of evaporation, which is larger, compared to available sensible heat changes, is involved; . losses are low as the storage occurs at or near room temperature; . further advantages arise when the storage is applied to the lithium bromide± water cycle; . water has one of the highest enthalpies of evaporation among known liquids; . the storage pressure is low so that the strength of the storage vessel is not critical. Fig. 3 shows the schematic of the single-eect cooling system [27] . The refrigeration circuit includes the usual generator, condenser, evaporator and absorber together with a sensible heat exchanger, a mechanical pump and pressure reducing valves or equivalent. A refrigerant store is associated with the condenser while an absorber store is associated with the absorber. Heat rejection is accomplished by a cooling tower from which water is circulated through the absorber, condenser store and condenser in series. Other water circuits could be used: indeed there may be some advantages to be gained in using parallel operation, notably the cooler water available for the condenser and the possibility of shutting o¯ow to the condenser altogether when there is no generation. Room air is circulated through the evaporator, and is maintained at a constant temperature, within the limits of the room thermostat and air-conditioner, by operating an on±o valve in the refrigerant line before the evaporator.
A solar powered air-conditioning system of this type was modeled based on the above conception and geographical data in Brisbane, Australia [28] . They have reported that the generation of refrigerant ceases several hours before sunset although a signi®cant amount of energy is still being collected. The stoppage occurs because of the high boiling point of the solution that has become highly concentrated with so much refrigerant in the store. During the night as the refrigerant¯ows from the store to the absorber, the evaporator cooling rate continually decreases as the solution concentration decreases and causes a higher pressure and temperature in the evaporator. Fortunately, the building load has also decreased.
Wilbur et al. [6, 15] have worked on a similar system and their experience shows that the systems with refrigerant storage and heat rejection buer, require smaller cooling towers than conventional units. In such a system, hot water from the collector could be passed directly through the generator of a single stage absorption system to generate refrigerant at any time when collector temperatures were sucient to cause vaporization in the generator. The refrigerant would be condensed at the time of generation and would be available at a later time when air-conditioning was needed. If a cooling demand removed the entire stored refrigerant, then auxiliary heat would have to be supplied to generate refrigerant.
A water tank used for heat storage during the winter months would not be required in such a system. It could, however, be used to advantage if it were cooled continuously by a cooling tower and if its contents circulated through the absorber and condenser to receive heat rejected from the conditioner. In this con®guration, the water tank (heat rejection buer) could be cooled to near the ambient wet-bulb temperatures during periods of low heat rejection, and it should facilitate system operation at lower peak absorber/condenser temperatures and hence lower generator temperatures. In addition, such a con®guration should permit use of a smaller cooling tower operating continuously near the mean, rather than peak heat rejection rate, for the system. The disadvantages of the kind system may be that:
. generation of refrigerant ceases several hours before sunset and although a signi®cant amount of energy is still being collected, a lot of useful solar energy is wasted; . the system may be very complicated. The generation power is not easily matched with the absorption and refrigeration power; besides, the control of valves 1 and 2 is dicult; . although the machine could store sucient refrigerant during a typical day to allow overnight operation, the performance of the chiller is very low because of the decrease in concentration of the solution and the increase of the temperature and pressure in the system.
Single-eect system with hot water storage
Ecient operation can be achieved by using two hot storage units for the collection of solar energy in dierent temperature ranges [9] . One storage would provide 70±75% of the total heat required at the lowest temperature which can be utilized eectively at the part-load conditions. Typical temperature may be from 50 to 708C depending on the building load pattern and the expected pattern of ambient temperature. The remaining 25±30% of the storage volume would be in a smaller tank with more insolation in order to store the heat collected in 85±958C. Still higher temperatures may be used in this storage if it can be pressurized to prevent boiling, and if collectors are used which are capable of operating at higher temperature levels with good eciency. Latent heat storage may be particularly worthwhile in the higher-temperature unit since it tends to reduce its physical size for a given amount of kWh stored, and provides more heat at the levels needed for full-load operation without signi®cant temperature change. In Fig. 4 , the pump P circulates the liquid from either the low or high temperature storage. Valves 1 and 2 are opened when the system is to add heat to the low temperature storage L, and valves 3 and 4 are opened for adding heat to the higher temperature storage H. Control C determines when the pump operates and which valves are opened.
The control of the dual storage solar cooling system is indicated in Fig. 5 . The pump is turned on whenever the dierence in temperature between the sensors S, and L or H is positive and large enough to indicate that sucient insolation exists to begin to charge the storage. Choice is also made as to which storage is to receive the heat. The control sequence is typical and the detailed description is as follows:
1. Sensor S measures a representative temperature of the collector array. It may, for example, be attached to the liquid outlet tube at the top of one of the collectors or to the collector absorber. Before sunrise it will substantially be at the ambient temperature and therefore below the temperature of the low temperature storage L. 2. As soon as the sun warms the collectors so that the sensor temperature exceeds that of the low-temperature storage sensor L, the solid state device energizes relay R 1 to start the pump and open valves V 1 and V 2 . The stored liquid is then circulated to the low-temperature collector to add heat. 3. As insolation increases, the temperature dierential between S and L increases, until the control stops the pump at a predetermined dierence. It is an indication, that heat can be collected in a signi®cant amount at the higher temperature. At this time the collector closes all valves for a short time interval of 2±3 min. The best time interval will vary from one installation to another and hence some adjustment of this interval is desirable. 4. If during the time interval of step 3, the sensor S reaches a temperature above that in the high-temperature storage as measured by sensor H, the solid state device (dierential temperature controller) restarts the pump and opens valves V 3 and V 4 to add heat to the high-temperature storage. If the required temperature level is not reached within the 2±3-min time-interval, the control restarts the pump and opens valves V 1 and V 2 to continue collection of heat into the low temperature storage. The solid state device may include a time function which assures that the operation in the low temperature mode will continue for a minimum time such as 15 or 30 min to prevent frequent cycling from high to low temperature storage. 5. The solid state device may also use the temperature sensed by either H or L as a high limit to discontinue heat into either storage when its maximum desired storage temperature is reached. This action prevents boiling or other unsafe operation.
The advantages of the above system are that separation of the storage into a high and low temperature subsystems may increase the heat collected by a given collector array by a factor of 1.30±1.50, depending on location and type of collectors. At the same time, the COP on a seasonal basis may rise from approximately 0.65 to 0.75, a 15% improvement. Taken together these bene®ts may decrease the required collector area to cool a given building by 30±40% Ð a considerable saving.
Double-eect convertible system
As technical development of absorption chillers allowed for lower generating temperatures as low as 738C, the percentage of the solar contribution to air- conditioning became higher. However, if it worked at a lower COP with the same generation temperature when conventional fuel was used as the auxiliary, it would not be considered sensible. Some years ago an absorption chiller was introduced [29] that works in double eect principle by using fuel at a higher COP, and in single eect using solar energy, so as to achieve an overall high coecient of performance.
The principle of the system is explained using Fig. 6 ; it is fundamentally a double eect absorption chiller where in the weak solution is circulated in series. In addition to the components listed in the single eect system, the double eect convertible system has a high pressure generator, a secondary heat exchanger and a heat recovery unit [30] .
The high-pressure generator for steam is independently located from the lowpressure generator for solar and hot water vapor from the high-pressure generator before being condensed. A high-pressure generator gives a primary eect and a low-pressure generator a secondary eect, thus being called a double eect. Therefore, a double eect cycle requires lower heat input to produce the same cooling eect, when compared to a single eect system. Therefore, a double eect system results in higher COP. As shown in Fig. 6 , during the refrigeration circulation, the water vapor produced in the high-pressure generator, heats the solution in the low-pressure generator, thereby giving up its heat, and then is passed to the condenser. Meanwhile, the generated water vapor in the low-pressure generator also passes to the condenser. The condensed water vapor is then passed to the evaporator to collect heat from the space to be cooled, thereby producing the refrigerating eect. Obviously, compared to the single eect system, the double eect cycle has an additional advantage of having a reduced condensing demand.
Similarly, in the solution circulation, the double eect is again realized by circulating the solution from the absorber to the high-pressure generator through the primary and secondary heat exchangers and the heat recovery unit. This process preheats the weak solution. Also, the strong solution from the highpressure generator is circulated to the low-pressure generator and is then allowed to pass through the primary heat exchanger back to the absorber, for mixing. If solar energy is used in the system as the heating source, then, the control valve will be such that the weak solution from the absorber will be directly fed to the low-pressure generator through the primary heat exchanger and heat recovery unit.
This kind of machine was originally suggested by Tanaka, it was ®rst installed at a new building of the Energy Engineering Department of Oita University, Kyushu [31] . After successful operation for a two-year test period, the solar airconditioning system was operated with steam as the auxiliary fuel. The identical single±double eect absorption chiller was also operated at the Kabe Oce Building of the Chugoku Electric Company in Hiroshima.
Double eect absorption chillers ranging from 2 RT (tons of refrigeration) to 10 RT in modular designs are also available. If the customer needs a larger capacity than 10-ton chillers, multiple 10-ton units may be installed so that some work under the conditions of lower solar intensity and less cooling load by automatic control. The performance of the smaller machines is almost the same as the larger ones. They use the bubble pumping eect in transporting the LiBr solution from the generator absorber, while larger ones use a circulating pump for that purpose.
Two-stage system
One of the restrictions for the practical use of the single stage cooling system is an economical aspect Ð the capital cost of the system is too high. It is reasonable to lower the solar collector cost by using collector models of a lower temperature range, if the generator temperature of the chiller can be lowered by using a twostage LiBr absorption chiller instead of single-stage chiller. Therefore, to bring down the initial cost of the system, the important variable is the generating temperature. Alizadeh et al. [32] have pointed out the advantage of lowering the generator temperature:
1. the ordinary¯at-plate collectors can be employed, thereby bringing down the cost of the system; and 2. crystallization of LiBr±H 2 O solution could be avoided.
In order to search for an approach to a more economical solution of solar cooling, a two-stage LiBr absorption chiller prototype, working on lower temperature heat source, has been designed and tested successfully by Huang et al. [33] . Initially, the two-stage LiBr absorption cooling machine was designed for the purpose of low temperature industrial waste heat recovery, but it seems also suitable for solar cooling application. Fig. 7 shows the¯owchart of the two-stage absorption chiller. The cycle is divided into high-pressure stage and low-pressure stage. Diluted LiBr solution in the high-pressure generator is heated by hot water. Generated water vapor is condensed in the condenser. The condensed water¯ows into the evaporator (lowpressure stage) to be evaporated, producing the refrigerating eect. A concentrated solution from the high-pressure generator enters into the highpressure absorber and absorbs water vapor generated from the low-pressure generator, thus changing back to a diluted solution. This solution is then pumped back to the high-pressure generator, completing a high-pressure cycle. The concentrated solution in the low-pressure generator goes down into the lowpressure absorber and absorbs water vapor from the evaporator. The diluted solution from the low-pressure absorber is then pumped back to the low-pressure generator, completing a low-pressure cycle. Thus, refrigerant water is made in the high-pressure stage and the absorbent-concentrated solution is made in the lowpressure stage. So, through the high-pressure absorption process, the generation process in the low-pressure generator occurs under a lower pressure, completing a full refrigeration cycle. Fig. 8 shows the enthalpy-concentration diagram of the two-stage system; it can be seen that, the high-pressure absorber and the low-pressure generator are at the same pressure, say 2.73 kP a ; and because of the use of the two-stage system, the generator temperature has decreased to as low as 668C. Experiments indicated that, for the single-eect system, when the heat medium temperature decreases below nominal (about 858C), cooling capacity and COP decrease drastically. The two-stage system, however, can use heat sources of a lower temperature to achieve better cooling eect under more severe conditions.
In January 1998, a solar powered two-stage absorption air-conditioning system was installed in China [34] and the schematic is shown in Fig. 9 . The system has a cooling power of 100 kW, with collector areas of 500 m 2 . The nominal generating temperature of the chiller is about 65±758C, and the COP of the chiller is greater than 0.4. The two-stage system has the following advantages:
1. the cooling system can work steadily though solar input is unsteady; 2. the lower generator inlet and outlet temperatures both increase instantaneously and daily eciencies of solar collector system; 3. a required lower operating temperature provides the possibility to use a simpler model of a solar collector, e.g.,¯at-plate collectors, instead of vacuum-tube collectors, which are 3±4 times more expensive than the¯at-plate collectors, thus reducing the construction cost of the solar system.
The disadvantages of this system are the complexity of the chiller's construction, and the COP at the nominal generator temperature is lower than the single-eect one. Meanwhile, the amount of cooling water needed is double that of the singleeect one, so that the cooling tower should be larger. Kaushik and Kumar [35] introduced a two-stage dual¯uid absorption refrigeration. The system uses LiBr±H 2 O and H 2 O±NH 3 as working¯uids at the ®rst and second stage, respectively. Fig. 10 shows the schematic diagram of this system, which consists of two stages. The ®rst stage operates through a LiBr±H 2 O combination, while the second stage uses a H 2 O±NH 3 combination. Therefore, a recti®er is needed only at the second stage and is avoided at the ®rst stage. The ®rst stage is assumed to operate with the condenser and absorber maintained at a temperature of 308C by the circulation of cooling water, and the evaporator operated at a temperature of 58C. In the second stage, the absorber is assumed to be maintained at 58C by the evaporator of the ®rst stage. The operation principles at the second are the same as for the ®rst except that a recti®er is needed for the puri®cation of ammonia vapor. Also, an evaporator temperature as low as À208C can easily be produced at the second stage.
Through the system analysis, they found that at the second stage, low condenser temperatures can yield a better performance at lower generator temperatures but at higher generator temperatures, a high value of COP is obtained at a higher condenser temperature. Secondly, an increase in the COP value with the evaporator temperature is more within the lower generator temperature range than for the higher generator temperatures. Furthermore, it is evident that lower evaporator temperatures require either higher generator temperatures or lower absorber temperatures.
A two-stage dual¯uid absorption system can be operated with ordinary¯at-plate collectors at the ®rst stage and evacuated tube solar collectors at the second stage for the production of very low evaporator temperatures. The COP of the system is lower than the LiBr±H 2 O two-stage system, but higher than the H 2 O± NH 3 two-stage system.
Dual-cycle system
Although, the above mentioned absorption systems use solar energy directly with minimum conversion, they consume considerable quantities of water for the cooling tower. This is a serious disadvantage where solar energy is available whilst water is scarce. The dual cycle, however, may be used in arid areas. It has the advantage of avoiding the use of the wet cooling tower. However, its COP is very low. Sofrata et al. [36] have introduced the LiBr-absorption cycle which avoids the use of a wet cooling tower. Fig. 11 shows the schematic diagram of the dual cycle solar powered air-conditioning system, and Fig. 12 shows such a cycle on a PTX diagram [37] . The dual cycle consists of a high-and a low-temperature cycle. Each cycle is similar to a conventional single-eect absorption cycle. The main heat energy supplier to the generator of the high temperature level cycle (HTLC) may be solar energy. The HTLC absorber rejects its heat to the atmosphere and this is the main advantage of using such a cycle. The cooling eect of the system will be through the low temperature level cycle (LTLC) evaporator. At this stage, the heat exchange between the system as a whole and the environment has been accomplished.
The interchange of heat between the HTLC and LTLC occurs as follows. The HTLC condenser supplies heat energy to the LTLC generator. The temperature level of this heat supply should be high enough to generate water vapor in the LTLC. The HTLC evaporator will serve as a heat sink for both the absorber and the condenser of the LTLC. At this stage, also, the heat exchange between the two cycles has been completed. The heat balance requires, for both the HTLC and the LTLC, that the sum of the heat supplied to the generator and the cooling eect by the evaporator must equal the heat rejected by the condenser and the absorber. Simultaneously, for the best design, the LTLC condenser heat must just equal the heat required for the LTLC generator. In addition, the cooling eect of the HTLC must equal the sum of the heat rejected by the LTLC of the absorber and the condenser. With these points in mind and to satisfy the physical constraints (crystallization and water icing) of the LiBr and water working pair, tedious calculations may be needed to construct the dual cycle.
Since the dual system requires higher generating temperatures, evacuated tube collectors should be used. In addition, the whole system is very complicated as compared with the single-eect one. The dual system is appropriate for locations where solar energy is available but where water is scarce, as the cooling tower may be eliminated.
Triple-eect system and multistage system
Absorption technology may be extended to a multistage system. When solar energy is not available, auxiliary heat (fuel) would be used for the absorption airconditioning system. Triple-eect systems are currently being developed by manufactures and researchers [38] . However, these units are currently not commercially available.
In a triple-eect cycle, higher COP is obtained by adding a topping cycle to a double-eect machine. In order to achieve three eects (using the heat three times), the heat of condensation from the topping-cycle refrigerant and the heat produced in the topping-cycle absorber section are used to power the high-stage generator of the double-eect cycle. The heat of condensation for the high-stage refrigerant is used to power the low-stage generator, just as in a double-eect LiBr machine. The refrigerant for the system is shared by all three parts of a tripleeect machine (topping, high stage, and low stage). Due to the high temperatures needed to power the topping cycles, the triple-eect systems currently under development will all be direct-®red machines. A typical generator temperature of approximately 2508C is used for the heat input to the topping cycle. The attainable cooling COP for a triple-eect machine is approximately 1.5.
Thermal technologies

Conventional¯at-plate collectors and evacuated tube collectors
A¯at-plate collector is generally used in the solar powered LiBr±H 2 O absorption air-conditioning systems, due to its low costs. It is better to use two or three glass covers [11, 39] , or a convection suppressing device in the collector in order to achieve high collected temperatures. Selective coated absorbers with single-glass covered¯at-plate collectors were also employed in many systems [40± 42]. Ward et al. [8] have pointed out that the use of evacuated tubular solar collectors permits the collection of solar energy at lower solar radiation levels (about 0.14 kW/m 2 vs 0.25±0.30 kW/m 2 for¯at-plate collectors), and thus provides solar energy for heating and cooling earlier in the morning and later in the evening. This increases the availability of solar radiation during those periods of load demand. In addition, the greater strength and durability of cylindrical glass tubes over a sheet of¯at glass means that wind and hail would be much less of a threat to the structural integrity of an evacuated glass tube. And, because of the lower cover temperature of the evacuated tube, the wind will have less eect on the eciency of the collector. Wilbur and Mancini [15] indicated that the high performance of an evacuated collector eects a 10±30% increase in solar fraction above that observed with the conventional¯at-plate collector.
In places where a dry cooling tower is used instead of a wet cooling tower, the system performance would be degraded if hot water storage were employed. To improve the performance, the hot water storage tank could be avoided by employing evacuated tube collectors instead of conventional¯at-plate collectors to meet with the heat demand.
Dan Ward along with John Ward [43] have indicated that, the potential disadvantage of the evacuated tube solar collectors is that they may not be able to withstand the high equilibrium (no¯ow) temperatures they develop either during installation or later during electrical power failures. For evacuated tube collectors, slight variation in the¯ow through a tube in parallel may easily result in boiling (and thus the loss of the usefulness of the tube) because of the exceptionally low heat loss coecient of these collectors. In applications where there is a snow overnight, snow removal requires longer melting periods than conventional¯at-plate collectors because snow slide-o is generally impeded by the geometrical shape and tubular design of the evacuated tube solar collectors. For evacuated tube collectors, a stagnation temperature (the stagnation temperature is the temperature of the absorber under an equilibrium, no-¯ow condition of the collector heat transfer¯uid) of 2808C was observed by Ward et al. [8] for a solar intensity of 769 W/m 2 . Such a condition emphasizes the need for careful design of the solar heating and cooling operation. For example, the control systems should be able to prevent the boil of the collector¯uid, destruction of the collector loop, degradation or destruction of the solar collector or its components, and avoid the safety hazards of high-pressure steam discharge.
In designing the solar powered absorption air-conditioning system, lowering the required generating temperature is very important, as it in¯uences the collector eciency eectively. For example, if the liquid coming from hot water storage is at 708C rather than 908C, then, more than double the heat can be collected through the collector, and more than four times the amount of heat can be collected at 508C than at 908C. Systems thus bene®t from collecting and storing heat at lower temperatures at which it can be eectively used. Although focusing collectors can also be used in the system, they can only absorb the direct-beam component of solar energy. This fact must be considered when designing collector arrays in geographical areas where clouds frequently cover major portions of the sky for a high percentage of the time. Focusing collectors will also need power for motion tracking.
Usage of solar pond to replace conventional collectors
The possibility of using solar ponds as low-cost solar collectors combined with conventional absorption chillers in a large-scale solar-cooling design was investigated by Tsilingiris [44] . Fig. 13 details the working principle of the above mentioned system. The lower convection zone (LCZ) of the solar pond provides the hot brine to the generator, while the upper convection zone (UVZ) provides the low temperature water to the condenser and absorber, so that the cooling tower is avoided. The¯ow rate of brine through the chiller should be designed carefully and is limited to a velocity of less than 1 m/s. The experiments from both the small and large size ponds have shown that, the lateral separation of withdrawal and injection heat extraction¯ow distributors can be located at the same side of the pond adjacent to the power plant since a small temperature drop is sucient to vertically separate the¯ows. Therefore, the assumption of well mixed convection zones will not always be realized in practice, since return¯ow from the condenser and absorber will form a warmer surface region within the UCZ and a cooler¯uid region within the LCZ, respectively. Fortunately, both these eects have a favorable in¯uence on chiller capacity by decreasing the heat ux to the soil and increasing the¯ux to the environment. The diculties involved with the construction of large scale solar cooling at a competitive cost are related to the prohibitively high costs of advanced technology high-temperature collectors. The optimum pond area at which capital cost is minimized has been reported for a given chiller size. The derived cost per unit kW depends mainly on salt cost and ranges from about $300±500/kW, ®gures which are almost an order of magnitude lower than those corresponding to a large scale cooling installation using evacuated tube solar collectors. The comparison of solar pond with¯at-plate collectors also shows that the solar pond is more eective at higher temperatures with built-in heat storage at substantially lower cost [45] . The disadvantages of this kind of system may be the staining of salt in the heat exchanger of the chiller, which decreases the heat transfer from the solar pond to the chiller.
Conclusion
Solar absorption air-conditioning has the advantage of both the supply of the sunshine and the need for refrigeration reach maximum levels in the same season. Although solar powered air-conditioning systems are readily available in commercial sizes, existing solar cooling systems are not competitive with conventional electricity-driven or gas-®red air-conditioning systems because of their high ®rst cost. Several technical problems associated with the design and development of absorption chillers based on continuous cycles have been successively resolved, and new trends gradually developed towards the redesign of the chiller generator for operation at temperatures lower than 1008C.
Of the two main technologies of solar cooling systems discussed in this paper, the emphasis is placed on the cooling technology rather than on the thermal technology, which places an important factor in increasing the COP of the refrigeration systems. It is shown that although the single-eect system with refrigerant storage has the advantage of accumulating refrigerant during the hours of high solar insolation, the double-eect convertible system has a higher overall COP. And the two-stage system has the advantage of lowering the generator temperature, which improves the system performance and the use of conventional at-plate collectors to achieve high COP. There are many other achievements carried out by researchers, nevertheless, further improvements should be made to the solar powered air-conditioning systems in order to compete with the conventional air-conditioning systems.
